Very Long Baseline Interferometry (VLBI) is collocated with a permanent Global Positioning System (GPS) receiver and a Water Vapor Radiometer (WVR) at the Onsala Space Observatory in Sweden. Both space geodetic techniques are affected by the propagation delay of radio waves in the atmosphere, while the remote sensing technique is sensitive to the atmospheric emission close to the center of the 22 GHz water vapor emission line. We present a comparison of estimated equivalent zenith wet delay and linear horizontal delay gradients from an independent analysis of simultaneous VLBI, GPS, and WVR observations. Using different constraints for the variability of the delay and the horizontal gradient in the analysis of the VLBI and the GPS data did not have a large influence on the agreement with the WVR estimates. We found that the weighted rms differences between wet delay estimates from the geodetic techniques and the WVR estimates generally increased for an increased variability in the atmosphere.
Introduction
Variations in the atmospheric refractive index are a major error source for microwave based space geodetic techniques. An azimuthal symmetry and an assumed elevation dependence of the propagation delay have often been used in the VLBI and the GPS processing for estimation of the total zenith delay. It has been shown that azimuthal asymmetries in the atmospheric refractive index will lead to errors in the derived station coordinates (MacMillan, 1995) . Including also the estimation of horizontal gradients in the VLBI and the GPS data processing can lead to an improved repeatability of the estimated site coordinates (MacMillan, 1995; Bar-Sever et al., 1998) .
The atmospheric parameters derived from space geodetic techniques are not only a disturbing noise for the geodetic applications but are also an important signal for atmospheric studies. Recent investigations concentrate on the possible use of dense permanent GPS networks as multi-purpose networks providing estimates of atmospheric parameters for weather monitoring and prediction (see, e.g. Naito et al., 1998) . In order to verify the results for atmospheric parameters derived from the GPS observations it is necessary to compare them to data from independent measurement techniques.
We compare estimated zenith wet delay and linear horizontal delay gradients from the different collocated techniques. We use different constraints for the atmospheric parameters in the geodetic data analysis. We introduce the data, the processing algorithms, the results of the comparisons, and the conclusions.
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Collocated Techniques
The Onsala Space Observatory is equipped with collocated remote sensing and space geodetic techniques. The water vapor radiometer (WVR) measures the sky emission at two frequencies −21.0 GHz and 31.4 GHz. The sky emission is caused by the amounts of water vapor, liquid water, and oxygen in the atmosphere. The measured sky brightness temperatures are related to the wet path delay . The WVR operates in a continuous sky scanning mode since 1993.
The 20 m telescope is a network station in the International VLBI Service for Geodesy and Astrometry (IVS) (Schlüter, 1999) . During the period Nov. 93-Oct. 98 Onsala participated in more than 120 geodetic 24 hour long VLBI sessions. The continuously operating GPS receiver is part of the International GPS Service for Geodynamics (IGS).
Since each of the three techniques sometimes had technical problems and the WVR data acquired during rain were discarded, a total of 54 days with simultaneous observations from all three techniques were used.
Atmospheric Parameters of Interest
The elevation dependencies of the wet and the hydrostatic components of the propagation delay are expressed using mapping functions (Niell, 1996) . The zenith value of the hydrostatic part can be estimated with high accuracy based on the ground pressure measurements. Subtracting the hydrostatic component from the total delay yields a wet delay component. A linear azimuthal asymmetry in the troposphere can be described using the model by Davis et al. (1993) :
where and φ are the elevation and the azimuth angles, t is the time counted from a reference time epoch for which the model parameters are estimated, L z ( , φ) is the equivalent zenith wet delay, L z is the mean zenith delay, V L is the zenith delay rate, n and e are north and east horizontal delay gradient components, respectively, and 10 −6 N s csc 2 is a correction due to the bending, where N s is the ground refractivity.
The wet delay and the horizontal delay gradient variability can be characterized by using structure functions. We define a temporal structure function of any parameter as:
where τ is a time lag. Herring et al. (1990) showed that a random walk processes describes the variability of the wet delay reasonably well. For a random walk process ϒ (1) = σ 2 r w , where σ 2 r w is the variance of the driving white noise, which scales with the time lag.
We compare the wet delay estimates from WVR observations with those derived from VLBI and GPS data. We use parameter estimates based on 90 minutes of observation, for all the methods. This time was chosen due to the limited number of observations in the VLBI experiments. Note also, that the horizontal delay gradient estimates from the WVR are for the wet part only, whereas the VLBI and the GPS estimates are the total horizontal gradients. We assume that the gradient is due to the wet part, which is not the case when large pressure or temperature gradients exist at the site.
Data Analysis and Results
The analysis of the WVR data uses an automated editing procedure. Observations obtained within 15
• from the sun are removed. Rain events are detected and the data are removed since the wet delay algorithm brakes down. The gradient model (1) was fit to the data in a least squares sense to estimate the wet delay, the delay rate, and the gradient components.
The VLBI data were processed using the SOLVE software package (Ma et al., 1990) applying the Niell (1996) mapping functions. Earth rotation parameters and radio source coordinates were adopted from a global VLBI solution (Ma and Ryan, 1998) . The GPS analysis was made with the GIPSY software package (Webb and Zumberge, 1993) . Using the Niell mapping functions, fixed orbits, earth orientation parameters, clock correction parameters, and station coordinates we applied the Precise Point Positioning technique (Zumberge et al., 1997) . The constraints for the zenith delay and the horizontal delay gradients used in both VLBI and GPS processing are given in Table 1 .
From the time series of zenith wet delay and horizontal delay gradients we identified 8 days with large variations in the atmospheric parameters. For these 8 days we processed the VLBI and the GPS data in 400 different solutions each. The solutions differ in the setup of constraints for the atmospheric parameters used in the software packages (see Table 1 ). There are 20 different constraints for both the zenith wet delay and the horizontal delay gradients.
As an example, in Figs. 1 and 2 , we show the estimated time series of the zenith wet delay and the east horizontal delay gradients for the most variable day. We show only the four extreme "corner solutions" of the VLBI and the GPS results. All other solutions give results that lie between these four extreme solutions. Both space geodetic techniques give results for the zenith wet delay that follow the WVR results reasonably well. Nevertheless the rapid changes cannot be followed completely with any of the solutions. Overall using different constraints do not impact the agreement between the results very much.
From the time series of the east gradient we see that neither the VLBI data nor the GPS data can follow the variations observes by the WVR when the tightest gradient constraints are used. In the case of VLBI no variations are seen at all. Loosening the gradient constraints enables the space geodetic techniques to sense some of the variations of the gradient results observed by the WVR. The GPS results follow the WVR data better than do the VLBI results. The different zenith wet delay constraints do not affect the gradient results.
The weighted root mean square differences (wrmsd) be- The results for the zenith wet delay indicate that both VLBI and GPS show only a weak dependence of the setup of constraints. The improvement in wrmsd is only 1 mm from the worst to the best agreement. Nevertheless we can identify relative minima for the wrmsd in the VLBI case which is in the range of 5-15 mm/ √ h for the wet delay constraint and 0.5-2 mm/ √ h for the gradient constraint. Similar gradient constraints in the GPS case produce a local minima, but it is more difficult to explain the drop in the wrmsd for tight wet delay constraints. The improvement in the agreement between the different techniques, when varying the constraints, is too small to judge on the significance of the impact of the constraints.
Loosening the constraint values further than 20 mm per √ h for the wet delay and 3 mm/ √ h for the gradients does not influence the results significantly for any of the techniques. We have also correlated the individual daily variability obtained from WVR data with the values of the constraints that produced the best wrmsd for each of the techniques for each day, but no such correlation was found.
Studying the average wrmsd for the combined gradients in Fig. 4 we see that the choice of the wet delay constraint has no significant impact, only the gradient constraints influence the wrmsd. The wrmsd reaches values between 0.8 and 1 mm which are of the order of the size of the gradients themselves and illustrates the difficulty to sense these small signals. It is difficult to identify a region of minima for the VLBI solutions, but the "best" region from Fig. 3 gives a small wrmsd here, too. This absence of a clear minimum could be a result of the fact that the VLBI estimates are based on sequential observations of the radio sources and that a tighter constraint is needed in order not to absorb other error sources into the gradient estimates. The typical formal errors for the esti- mated gradients using VLBI data are 0.09 and 0.40 mm for the Aa and Tt constraints respectively. For the GPS gradient estimates we have a poor sky coverage in the north given the latitude of Onsala being 57
• N. The corresponding values for the GPS formal errors are however less variable, namely 0.17 and 0.28 mm. The larger variation seen in the VLBI formal errors is due to a varying geometry of the location the observed sources.
Based on these 400 solutions per day for the 8 most variable days in our data set, we ran solutions for all 54 days. For these solutions we used constraints Dd for the GPS solution and Gs for the VLBI solution. The loose gradient constraint in the VLBI case was used in order to be able to detect large values of gradient variability and as we saw previously this is not likely to worsen the over all estimation significantly.
From the WVR data we derived structure functions for the wet delay and for the north and the east gradient component for each day. Figure 5 shows the correlation between the atmospheric variability inferred from the WVR observations and the wrmsd between the space geodetic techniques and the WVR using all 54 experiments. When the WVR observes a large variability there is also a general increase in the wrmsd. Finally, correlation analyses were carried out using all data, see Fig. 6 . The best agreement for the wet delay estimates is obtained for GPS and VLBI with a wrmsd of 6 mm. The level of agreement between the WVR and GPS or VLBI degrades to 9-10 mm. Figure 6d shows the best agreement found for the gradient estimates which was obtained for the east gradient using GPS and VLBI data. In all other cases, when comparing estimated gradients, large discrepancies were obtained.
Conclusions and Future Work
We analyzed wet delay and horizontal delay gradient estimates derived from 54 days of observations with collocated remote sensing and space geodetic techniques. Based on the 8 most variable days we found that the choice of constraints for the estimated parameters in the space geodetic techniques did not influence the agreement with the WVR estimates significantly. Using all the data we found a dependence of the wrms difference between the estimates obtained from the space geodetic techniques and those from the WVR with respect to the atmospheric variability as derived from the WVR observations. The results for the wet delay are highly correlated between the three techniques with the best agreement between VLBI and GPS data. The results for the estimated gradients show much lower correlation, but again the best agreement is between VLBI and GPS data.
